In this study the formula for expressing contact resistance R c between the aluminum (Al) current collector and positive electrode composite in lithium secondary batteries is derived as follows: (1) R c is proportional to the thickness of the Al oxide film and apparent electric susceptibility of the composite χ e . (2) R c decreases when the active material is coated with Carbon Nanotubes (CNT) due to the reduction of χ e . (3) χ e can be formulated by the contribution ratio C i of the component i of the composite, with C i determined by the dispersed condition of the composite.
Introduction
The internal resistance of lithium secondary batteries consists of the contact resistance R c between the positive electrode composite and aluminum (Al) current collector, the solution resistance, and the reaction resistance. R c widely varies according to the thickness of the Aluminum oxide (Al 2 O 3 ) film on the current collector, the composite components, and the dispersed condition of the composite. R c increases when the active material undergoes contact with the Al 2 O 3 film.
1 Applying a carbon under-coating to the current collector decreases R c . 2 The performance of acetylene black (AB) and carbon nanotubes (CNT) as an under-coating agent is nearly identical.
2 R c decreases when adding certain CNTs to composites containing active materials. 3 In this study, we present a mathematical formula for deriving the value of R c in aim to develop an optimal design for a composite slurry effective in reducing R c .
Experimental
In order to elucidate the relationship between contact resistance R c of the composite (Run4) and the thickness of Al 2 O 3 film d, anodic oxidation was conducted on an Al current collector using 99.99% Al foil in an electrochemical cell (1) . The oxidation voltage of the film formation V f was 1, 3, 4, 5 V and the film thickness was calculated using an anodizing ratio of 1.4 nm/V and V f . 4 
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The composite for the positive electrode was coated on the aforementioned Al current collector and R c was obtained by applying chronopotentiometry. The composite slurry was prepared by mixing 0.03 g carbon, 1 g active material, 0.12 g binder, and 0.1 g disperse medium. 8 wt% PVDF/NMP (PVDF(KF-7200)) was used. The prepared electrodes were set in the electrochemical cell (2) and R c was calculated accordingly using the same technique as reported by Honda et al. 4 ) were used as active materials. The dielectric constant of the active materials was measured using the same method reported in the authors' previous study. 6 Acetylene black (AB) and Carbon Nanotubes (CNT①, CNT②, CNT③, CNT④, CNT⑤, CNT⑥) were used as carbons. The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.83.386 dispersant and binders or which active material was used. Since R c was proportional to d in both cases, conduction was found to be ohmic and thus should not be attributed to conduction in the tunneling current.
For further insight into the value of µ, we experimented with various active materials, yielding the results was shown in Fig. 2 as a function of electric susceptibility » e of the active materials. Here, » e the electric susceptibility is equal to relative permittivity ¾ À 1, and is proportional to the charge density of the surface. As seen in Fig. 2 , µ was roughly proportional to » e , indicating that the carrier depletion layer was formed at the oxide surface by the surface charge of the active materials, increasing the value µ. For example, LiCoO 2 (Run2) had a smaller » e (= 2.6) and showed a smaller value of R c (10 m³m to resistivity µ can be attributed to a reduction in R c when applying a carbon under-coating layer to the Al current collector, as can be seen in Cell(5). These results follow those found in the authors' previous study. 2 
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By substituting the linear relation of » e and µ with µ in Eq. (4), we obtained the following equation,
where µ 0 B is the film electric resistivity without active material (= 6 M³m). Figure 3 shows the effect of carbon length l on contact resistance R c . We concluded that there was no relation between carbon length and R c since using the same dispersing process and conditions, the plots were strongly scattered for each length of carbon tested. Table 1 summarizes the relationship between contact resistance R c and the composite components. The value of R c changed according to the dispersant, carbon, active material, binder, and mixing method used; however, there was some difficulty determining the contribution of each of the actual components of the composite. It is noteworthy that in Run13 and Run14, where the stability of dispersion was lower, the value of R c increased dramatically. The following trends could be drawn from Table 1. i) Active materials with a high » e increased R c (Run1 vs. Run2-4, Run6 vs. 8,9). ii) Replacing the dispersant with a binder had no effect (Run2 vs. Run3). Electrochemistry, 83(5), 386-388 (2015) iii) Applying CNTs with appropriate dispersant reduced R c (Run9 vs. Run11). iv) Well dispersed composites with appropriate dispersant decreased R c (Run10,11 vs. Run9,12-14) To elucidate the complicated contribution of the components, we substituted the contribution ratio C i of the component i with electric susceptibility » e in Eq. (6) as shown in Eq. (7), and the following equation was obtained. Figure 4 shows schematic drawings of contact between the carbon and active material on the Al surface,
where » e,i is the apparent electric susceptibility of the material. The » e,i of carbon is close to 0 since carbon does not have polar functional groups. The C i of the active material is zero since the CNT coating on the active material [ Fig. 4(a) ] is finer than that of AB [ Fig. 4(c) ], and this decreases the R c . In the case of poorly dispersed CNTs [ Fig. 4(b) ], the dispersant had a high polarity and cohered to the current collector surface. This increased the C i of the dispersant and the formula P i C i » e,i , and reduced R c . Thus, R c was strongly affected by » e,i and the contribution ratio C i .
Conclusion
The contact resistance R c between a composite and Al current collector can be formulated using film resistivity µ, electric susceptibility of materials » e,i , and contribution ratio C i determined by the dispersed condition of the composite as in Eq. (7). The contact resistance R c of the some carbons such as CNT which had some difficulty dispersing, were strongly affected by the condition of the composite slurry. Electrochemistry, 83(5), 386-388 (2015) 
